Junctional Adhesion Molecule-A (JAM-A) is a transmembrane adhesive protein expressed at endothelial junctions and in leukocytes. Here we report that JAM-A is required for the correct infiltration of polymorphonuclear leukocytes (PMN) into an inflamed peritoneum or in the heart upon ischemia-reperfusion injury. The defect was not observed in mice with an endotheliumrestricted deficiency of the protein but was still detectable in mice transplanted with bone marrow from JAM-A ؊/؊ donors. Microscopic examination of mesenteric and heart microvasculature of JAM-A ؊/؊ mice showed high numbers of PMN adherent on the endothelium or entrapped between endothelial cells and the basement membrane. In vitro, in the absence of JAM-A, PMN adhered more efficiently to endothelial cells and basement membrane proteins, and their polarized movement was strongly reduced. This paper describes a nonredundant role of JAM-A in controlling PMN diapedesis through the vessel wall.
A
cute inflammatory reactions or ischemia-reperfusion injury are accompanied by leukocyte adhesion to the blood vessel wall and subsequent infiltration into underlying tissues (1) . Although the molecular mechanisms regulating leukocyte adhesion to inflamed endothelial cells have been elucidated to a large extent, we have only a partial picture of how leukocytes can open endothelial junctions and move to the underlying tissues in a polarized fashion. A hypothetical and general model is that proteins at endothelial junctions interact with leukocytes and actively direct their diapedesis through the cleft (1) (2) (3) (4) . In previous work (5), we identified Junctional Adhesion Molecule-A (JAM-A) as a member of the CD2 subgroup of the Ig superfamily (5) . JAM-A is expressed in endothelial and epithelial cells, leukocytes, and platelets (4) . JAM-A is localized at tight junctions, and some reports suggest that JAM-A at endothelial junctions may contribute to leukocyte diapedesis (2, (4) (5) (6) (7) . JAM-A is a ligand for integrin ␣L-␤2 (8), but homophilic binding of endothelial and leukocyte JAM-A may also occur. In a recent paper (9) , a soluble JAM-A͞Fc fragment was found to inhibit mononuclear cell recruitment on inflamed endothelium. Furthermore, two additional members of the JAM family (JAM-B and -C) have been identified (10) (11) (12) . JAM-B and -C are expressed by endothelial cells and are specifically enriched in some vessels, such as high endothelial venules and lymphatics. JAM-C was found in platelets and T, natural killer, and dendritic cells (13) (14) (15) and has been implicated in lymphocyte transmigration.
In the present paper, we used JAM-A Ϫ/Ϫ mice to directly address the problem of the role of JAM-A in leukocyte diapedesis. We found that the passage of polymorphonuclear leukocytes (PMN) through the vessel wall was substantially reduced in both inflammatory peritonitis and cardiac ischemia-reperfusion injury, a well accepted model of acute myocardial infarction. Genetic analysis revealed that the role of JAM-A in PMN trafficking in these models was independent of its expression in the endothelium. Further studies in vitro indicated that JAM-A is required for correct PMN adhesion and polarized movement. These data reveal a role for JAM-A in directing PMN extravasation.
Methods
Mice. Generation and genotyping of JAM-A ϩ/ϩ , JAM-A Ϫ/Ϫ , and Tie-2 Cre JAM-A Ϫ/Ϫ mice were developed as described (16) . These mice were originally generated on a C57BL6͞129͞CD1 background, then they were backcrossed once to C57BL͞6J.
cles) within the AAR were counted and expressed per mm 2 of AAR as an index of effectiveness of reperfusion. In animals killed at 25 days, infarct size was calculated by estimating the number of lost myocytes from the left ventricle by the histomorphometric technique (20) , and echocardiography (SSD-5500, ALOKA, Tokyo) was performed (21) . Systolic blood pressure and heart rate were measured in conscious mice by tail cuff.
In Vitro Assays. JAM-A
ϩ/ϩ and JAM-A Ϫ/Ϫ endothelial cells were isolated from the lungs and cultured as described (16) . Intercellular adhesion molecule (ICAM)-1 Ϫ/Ϫ and ICAM-1 ϩ/ϩ endothelial cells were kindly provided by B. Engelhardt, Theodor Kocher Institute, University of Bern, Bern, Switzerland. Bone marrow PMN cells were purified (90 -95% purity), as described (22) . PMN adhesion to endothelial cells grown in 96-well plates or to fibronectin (20 g͞ml) or laminin (20 mg͞ml) was assessed by labeling PMN with the f luorochrome Cell Tracker Green (5 M) (Molecular Probes) (23) and adding 10 5 cells per well. Fluorescence was measured by using a f luorimeter (Multilabel Counter, Wallac 1420, PerkinElmer). Cell-binding values were calculated as cells bound͞mm 2 , as described (24) .
For transmigration experiments, 24-well Transwell plates with a 5-m pore size polycarbonate filter (Costar) were used to culture endothelial cell monolayers as described (5, 16) . Briefly, 51 Cr-labeled (Amersham Pharmacia) PMN (5 ϫ 10 4 ͞well in 0.1 ml) were seeded in the upper compartment, and chemotaxis was induced by the addition of the synthetic peptide WKYMVm (25) (kind gift of G. Berton and L. Fumagalli, University of Verona, Verona, Italy), 5 nM for 90 min, in the lower well of Transwell chambers.
Dunn Chamber. Dunn chambers (Weber Scientific, Hamilton, NJ) were set up as described (26) with 5 nM of the synthetic peptide WKYMVm in the outer well. For each experiment, two Dunn chambers were run in parallel. Cells were visualized, and images were acquired with an Olympus CellR time lapse work-station inverted microscope and ϫ20 phase-contrast objectives. The camera was set up to acquire one frame every 30 sec over a 40-min period. The processed sequences were then replayed as a movie. Cell tracks were generated from the time-lapse images and analyzed by using IMAGE J, Version 1.34K, http:͞͞ rsb.info.nih.gov͞ij. 
Results

PMN Influx into Inflammatory Sites Is Impaired in JAM-
A ؊/؊ Mice.
JAM-A
Ϫ/Ϫ mice were generated by using a Cre-Lox strategy as described (16) . Fig. 1a shows that thioglycollate injection increased PMN number in the peritoneum, peaking at 24 h and declining within 48-72 h. The number of infiltrated PMN was significantly lower in JAM-A Ϫ/Ϫ mice at 24 h (50% reduction). The expected increase in PMN mobilization in blood induced by thioglycollate was not statistically different in JAM-A ؉/؉ and JAM-A Ϫ/Ϫ mice (data not shown). Microscopic examination of mesenteric postcapillary venules revealed that PMN were trapped on the surface or behind the endothelium ( Fig. 1 b and c) .
As shown in Fig. 1a , when Tie-2 Cre JAM-A Ϫ/Ϫ mice were subjected to peritoneal injection of thioglycollate, neutrophil influx was comparable to control mice, indicating that their diapedesis could take place also in the absence of endothelial JAM-A.
To further prove this point, bone marrow cells obtained from JAM-A ؉/؉ or JAM-A Ϫ/Ϫ donor mice were transplanted into lethally irradiated JAM-A ؉/؉ mice. As reported in Fig. 1d , the animals transplanted with JAM-A Ϫ/Ϫ bone marrow presented significantly lower PMN infiltration into the inflamed peritoneal cavity. Reconstitution of peripheral blood cells was comparable in the two groups of animals ( Table 1 , which is published as supporting information on the PNAS web site).
PMN Infiltration in the Myocardium Is Reduced in JAM-A ؊/؊ Mice upon
Ischemia-Reperfusion Injury. In this experimental system, the number of PMN infiltrating the AAR was reduced by Ͼ50% in JAM-A Ϫ/Ϫ as compared with JAM-A ؉/؉ and Tie-2 Cre JAM-A Ϫ/Ϫ mice (Fig. 2a) , whereas a higher number of JAM-A Ϫ/Ϫ PMN remained adherent to the vessel wall (Fig. 2b) .
JAM-A
Ϫ/Ϫ PMN were frequently aggregated and partially or completely occluded the lumen of small vessels (Fig. 2c) . In some cases, they seemed entrapped between endothelial cells and the basement membrane or even within the endothelium (Fig. 2d) .
After 6 h of reperfusion, the number of perfused capillaries (Fig. 2e) within the AAR was 45% less in JAM-A Ϫ/Ϫ , suggesting that PMN entrapment in the microcirculation affected reperfusion of AAR (27) . Perfusion of the spared myocardium (i.e., interventricular septum) was comparable (Fig. 2e) After 25 days of reperfusion, the left ventricle wall corresponding to the AAR was thinner in JAM-A Ϫ/Ϫ mice, and the fraction of myocytes lost from the left ventricle was higher in the absence of JAM-A (Fig. 3a) , whereas myocyte volume was increased (Fig. 3b) . Echocardiography showed that left-ventricle internal diameter in diastole tended to be larger and fractional shortening significantly lower in JAM-A Ϫ/Ϫ mice as compared with JAM-A ؉/؉ (Tables 2 and 3 , which are published as supporting information on the PNAS web site). In vitro experiments were designed to further distinguish between the role of JAM-A in PMN and in endothelial cells. As reported in Fig. 4a , JAM-A Ϫ/Ϫ PMN adhered more efficiently to the endothelium, but the percentage of adherent PMN that could transmigrate was significantly reduced (Fig. 4b) . As a chemotactic stimulus, we used the peptide WKYMVm, which is known to interact more effectively with the mouse fMLP receptor (25) . Similarly to in vivo conditions, the presence or absence of JAM-A in endothelial cells did not change these parameters. PMN adhesion was increased also by using other substrata such as ICAM-1 ϩ/ϩ and -1 Ϫ/Ϫ endothelial cells or fibronectin and laminin (Fig. 4 c and d) .
Because adhesion and diapedesis require cytoskeletal rearrangement and polarized movement of PMN, we investigated whether the absence of JAM-A could change actin organization. When seeded on fibronectin, JAM-A Ϫ/Ϫ PMN appeared more spread (Fig. 5A, compare a and d) and presented an altered morphology upon chemotactic stimulation (compare Fig. 5A b  and c and e, f, and fЈ) . In JAM-A ؉/؉ PMN, actin was typically polarized at the leading front (Fig. 5A f and fЈ, arrowheads) , whereas at the rear, a short uropod could be observed (Fig. 5A  f and fЈ, arrows) . In contrast, in JAM-A Ϫ/Ϫ PMN, actin did not concentrate at the leading edge (Fig. 5Ac, arrowheads) but was mostly localized at the basis of the uropods (Fig. 5Ac, arrow) . In addition, JAM-A Ϫ/Ϫ cells presented remarkably long uropods (Fig. 5A b and c) . video microscopy showed that JAM-A Ϫ/Ϫ PMN moved less effectively toward a chemotactic stimulus (Fig. 5B) , and that they were unable to correctly detach and retract the uropod (Movies 1 and 2, which are published as supporting information on the PNAS web site). Overall, these data support observations made in vivo and indicate that JAM-A expressed by PMN is required for their correct adhesion and polarized migration.
The phenotype of PMN and endothelial cells, derived from JAM-A ؉/؉ and JAM-A Ϫ/Ϫ mice, is reported in Figs. 6-8, which are published as supporting information on the PNAS web site.
Discussion
In this work, we report that tissue infiltration of PMN in peritonitis and heart ischemia and reperfusion is significantly reduced in JAM-A Ϫ/Ϫ mice. Genetic analysis, bone marrow transplantation, and in vitro adhesion and transmigration assays all revealed that the role of JAM-A in PMN trafficking is independent of endothelial JAM-A. This was a surprising finding, because previous studies in vitro and in vivo showed that endothelial JAM-A may facilitate leukocyte diapedesis through junctions (2, 4, (7) (8) (9) 28) . It is possible that other members of the family, such as JAM-B and -C, may substitute for JAM-A in the endothelium, at least in the tissues considered here (29) . This is supported by the observation that JAM-B and -C were detectable in endothelial cells of the mesenteric and cardiac microcirculation (data not shown), whereas both of them were barely detectable or absent in PMN (15, 29) . Recently, in ischemia-reperfusion injury in the liver (28) , it was possible to detect a role of endothelial JAM-A, likely because JAM-B and -C are poorly expressed in the vasculature of this organ.
Although thioglycollate-induced peritonitis is an acute inflammatory response, the cardiac ischemia-reperfusion model allows us to study chronic consequences of JAM-A inactivation. Although still debated, infiltration of PMN after reperfusion may be detrimental to cardiac recovery, because these cells release oxygen radicals and lytic enzymes, which may extend tissue damage (19, 30) . We report here that structural and functional heart recovery under reperfusion was hampered by the lack of JAM-A after 25 days of reperfusion, although a lower number of PMN could infiltrate the AAR of JAM-A Ϫ/Ϫ mice. An explanation for this apparent discrepancy is that JAM-A Ϫ/Ϫ PMN, unable to correctly extravasate, remained entrapped within the microvasculature, causing impairment of blood flow during reperfusion of the ischemic area (AAR) (27) .
An important issue is the mechanism of action of JAM-A. Consistent with in vivo models, in vitro experiments showed that JAM-A Ϫ/Ϫ PMN adhere more strongly and transmigrate less efficiently through both JAM-A Ϫ/Ϫ or JAM-A ϩ/ϩ endothelial monolayers. PMN diapedesis requires the polarized movement of the cell toward a concentration gradient of a chemotactic stimulus. When exposed to an attractant, these cells orient themselves and move by forming pseudopods at the front and retracting the uropod at the rear (31) (32) (33) . This typical organization is affected by the lack of JAM-A expression. Actin is strongly reduced at the leading edge, whereas it concentrates at the basis of the uropod. JAM-A Ϫ/Ϫ PMN adhere to and exhibit greater spreading on different substrata. Time-lapse video microscopy shows that in the absence of JAM-A, PMN cannot easily detach and move toward the chemokine gradient. Indeed, they seem to be unable to retract the uropod, which remains attached to the substratum and elongates while the cells are trying to move toward the chemotactic stimulus. These observations strongly suggest that the increase in adhesion observed in absence of JAM-A inhibits PMN movement.
Other authors (34) have found that antibodies to platelet endothelial cell adhesion molecule (PECAM)-1 induced PMN to remain attached to the subendothelial cell basement membrane. PECAM-1 gene inactivation leads to a defect in PMN infiltration in the inflamed peritoneum similar to that observed in JAM-A-null mice (35). Loike et al. (36) showed that activation of integrin ␣5␤1 caused increase in PMN adhesion, which prevented their movement. Finally, other conditions causing elongation of leukocyte uropod were accompanied by reduction in directional cell motility (23, 37) .
Although the molecular mechanism(s) through which JAM-A controls cell adhesion and movement remains to be clarified in more detail, the data reported here introduce concepts on the action of JAM-A in leukocytes. Consistently, a recent paper by Shaw et al. (38) reported in vitro data suggesting that endothelial JAM-A does not significantly contribute to PMN adhesion and transmigration.
In epithelial cells, the use of JAM-A small interference RNA reduces cell adhesion and integrin organization (39) . None of these effects were observed in JAM-A Ϫ/Ϫ endothelial cells (not shown) and, as reported here, JAM-A-null PMN adhere even better to different substrata. The cell type and͞or use of a different strategy to knockdown JAM-A may explain this discrepancy.
In previous work (16), we found that JAM-A Ϫ/Ϫ dendritic cells presented an increased random but not directional motility, thus suggesting, also in this case, a defect in cell polarization. In vivo, however, this resulted in increased recruitment of dendritic cells to lymph nodes and an increased delayed hypersensitivity reaction. It is therefore possible that the consequences of JAM-A targeting are versatile in different cell types and tissues, depending on the sites of cell diapedesis (lymphatics vs. blood vessels) and͞or the coexistence of other members of JAM family. 
